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Fig 1: A yz slice of the initial conditions of our Gaussian  bubble in the 
scalar field.!
Fig 2: A later time in our evolution once the bubble has begun 
colliding with itself. We can see that the bubble has expanded since 
most of the field values are now around the value of the true vacuum 
potential.!
Fig 3: This is the same slice at a time near the end of the simulation. 
We see the field values are oscillating a lot since this is uncoupled, 
and the average of the field round the true vacuum potential.!
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Our simulation resulted in the bubble expanding and 
eventually colliding with itself due to the periodic boundary 
conditions. Fig 3 shows this collision occurring. After 
performing the evolution we determined that our model 
was very sensitive to parameters. We were only able to 
evolve systems with a very weak coupling between fluid 
and field. This raises doubts to a recently published paper 
[1] that also claims to have done this and calculated the 
power spectrum of the generated gravitational waves.!
[1] “Gravitational Waves from the sound of a first-order 
Transition” Hindmarsh, Huber, Rummukainen and Weir. 
arXiv:1304.2433!
- Professor Tom Giblin!
- Kenyon College!
- The National Science Foundation, High-Energy Physics 
Grant PHYS-1068080!
	  
We evolve our system using periodic boundary conditions 
with a modified version of our Grid and Bubble Evolver 
(GABE) which uses second order Runge-Kutta to 
simultaneously evolve the fluid and field.!
Our model consists of the potential, initial conditions and 
equations of motion. Our potential is shown in the plot to 
the lower left. Our initial conditions consist of a three 
dimensional Gaussian bubble in our potential. Fig 1 shows 
a two dimensional slice of our initial conditions. From the 
stress-energy tensor for a scalar field, conservation of 
energy and momentum, and two equations of state, we 
derived the following equations of motion,!
Considering the field and fluid components separately, we 
can devise a set of three equations that evolve our system. 
These equations essentially work by describing where the 
energy goes, how the field evolves, and how the fluid 
moves. These are our three equations of motion,!
The Higgs mechanism gave mass to all of the particles of 
which the Universe is comprised. To better understand how 
this happened, we model first-order phase transitions where a 
scalar field, the Higgs, is coupled to a fluid, which represents 
all the particles in the Universe. Starting with the stress-energy 
tensor for a scalar field, we derive equations of motion for this 
system. We then nucleate Gaussian bubbles in the broken 
state and model their expansion and coalescence. The 
evolution is done using GABE (Grid and Bubble Evolver) and 
we observe the resulting evolution and collisions. We find that 
it is difficult to stably evolve this system.!
We motivate our research with high energy particle physics 
and a desire to attain a deeper understanding of the Higgs 
Mechanism. Massive particles in our Universe interact with 
the Higgs Field. The strength of the particle’s interaction 
determines how much mass the particle has. Since so 
many fields interact with the Higgs Field, we can simplify 
our model by lumping all the interacting fields into a single 
fluid with which the Higgs Field interacts. Now, since we’re 
cosmologists, we’d like to see how this interaction came to 
be. The early Universe was very hot. So if we go up to a 
high enough temperature, we find there is a temperature 
beyond which particles don’t have mass. Since we observe 
the Universe to be cooling, we’ll assume that early in the 
Universe’s history particles gained mass by means of the 
Higgs Field undergoing a first-order phase transition. We 
call this transition the Higgs Mechanism and this is the 
subject of our research.!
A phase transition is a transition between two states. Water 
transitioning from the gas to liquid phase is an example of 
a phase transition. Our model uses the potential shown 
below with a local maximum near           . This local max 
makes this phase transition first-order since we need to 
tunnel through the potential barrier.!
We call what’s tunneling through the barrier a bubble. It is a 
region in a scalar field with similar values. We can visualize 
a bubble by plotting the field as a function of position, and 
producing a plot like in Fig 1. The bubble in our model can 
be thought of as bubbling out of the leftmost potential and 
going into the right potential. This gives us a small region 
of scalar field whose values fall in the right potential 
minimum, and the remaining values are in the left 
minimum.!
Once we’ve nucleated our bubble we can evolve our 
system with our equations of motion and observe how the 
bubble evolves. We expect the bubble to expand since the 
system wants to be in the lowest minimum possible. This 
should cause regions in the field that are at the true 
vacuum to pull nearby regions into the true vacuum. We 
can determine the speed of the bubble wall from our 
simulations and we expect the speed to approach the 
speed of light. Our simulations also allow us to observe 
bubble collisions when the region meets the edge of the 
box. These bubble collisions are thought to produce 
gravitational waves.!
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